Abstract. The impact of vector control measures on the evolution of antimalarial drug resistance is an important issue for malaria control programs. We investigated whether the in vivo efficacy of chloroquine (CQ) in children aged 6-59 months with uncomplicated malaria differed in 9 villages that had benefited from long-term use of insecticidetreated curtains (ITCs) and in 9 nearby non-ITC villages. We also compared the prevalence of genetic markers of resistance to CQ and sulfadoxine-pyrimethamine (SP) between the two groups of villages. The study enrolled 1,035 children with uncomplicated malaria and 231 infected but asymptomatic children. After taking account of re-infections, the proportions of children who experienced clinical failure after treatment with CQ were 14% and 19% in ITC and non-ITC villages, respectively (OR ‫ס‬ 0.68; 95% CI: 0.39, 1.18). Parasitologic failure was observed in 49% of children in ITC villages and 58% of children in non-ITC villages (OR ‫ס‬ 0.71 95%CI: 0.44, 1.13). The proportion of symptomatic children who harbored parasites carrying the pfcrt-76T allele was 43% in ITC villages and 40% in non-ITC villages (OR ‫ס‬ 1.09; 95%CI: 0.80, 1.50). The pfmdr1-86Y allele was detected in 31% and 29% of children in the two groups of villages (OR ‫ס‬ 1.14; 95%CI: 0.75, 1.72). Triple mutations in the dhfr gene were observed in 12% of children in both groups. No double mutations in the dhps gene were observed. Similar results were observed in asymptomatic children. In this setting, ITC use was not associated with increased circulation of parasites resistant to standard antimalarial drugs, or with a greater risk of treatment failure among children less than 5 years of age.
INTRODUCTION
Concerns over the high prevalence of drug resistance and its impact on morbidity and mortality due to falciparum malaria 1,2 have led many countries to adopt the strategy of combination therapy both to improve clinical response to malaria treatment and to delay the spread of antimalarial drug resistance. 3, 4 Following the demonstration that vector control measures can substantially reduce malaria transmission, 5, 6 malaria morbidity, 7 and all-cause child mortality, [8] [9] [10] [11] it has been suggested that insecticide-treated materials (ITMs) may also curb the spread of antimalarial drug resistance. 12 However, theoretical considerations also suggest that ITMs could favor the spread of drug resistance in the parasite population. If ITMs impair the acquisition of immunity to malaria, 13 they might increase the proportion of malaria episodes that are symptomatic and hence the proportion of infections that encounter an antimalarial drug. Drug pressure is generally agreed to be the single most important factor in the spread of drug resistance. 14, 15 In addition, if the genetic basis of drug resistance is polygenic, reducing transmission intensity might reduce recombination breakdown of the loci encoding for resistance and hence favor the spread of resistance. [16] [17] [18] [19] Empirical data addressing this issue are limited. The slow spread of antimalarial resistance in Malaysia and Zimbabwe, countries with insecticide spraying programs, has been contrasted with the rapid development of resistance to chloroquine (CQ) observed in Malawi where there was no vector control program. 12 More recently a study in Uganda that compared localities naturally exposed to low, intermediate, or high transmission concluded that resistance may spread fastest in areas of low or high transmission. 20 Only two studies have directly examined the impact of vector control on drug resistance. A reduction in the frequency of mutant alleles (codons 51, 59, and 108) of the dhfr gene was observed 2 years after the introduction of treated bed nets in Tanzania. 21 In Zimbabwe, indoor house-spraying was associated with reductions in clinical failure rates and the prevalence of alleles conferring resistance to CQ; pfmdr1 (codons 86 and 1246) and pfcrt (codon 76). 22 Further, well-controlled studies, investigating sites with vector control interventions in place and comparable sites without interventions, are needed to address this question more thoroughly. We report a study from Burkina Faso, West Africa, which investigated whether long-term use of insecticide-treated curtains (ITCs) had affected the prevalence of genetic markers of resistance to CQ and sulfadoxinepyrimethamine (SP) or had an impact on the efficacy of CQ when used for treatment of uncomplicated malaria in children.
MATERIALS
Study site. The study was performed in Burkina Faso in 2002, in Ziniaré and Boussé health districts located north and northwest of the capital Ouagadougou. In the absence of vector control, malaria transmission is intense, with an average entomological inoculation rate (EIR) of 100-300 infective bites person/year, and highly seasonal. The main malaria vector is Anopheles gambiae s.l. 6 At least 90% of children aged 6-59 months are parasitemic at the peak of malaria transmission. 23 Almost all of the population in these districts belong to the Mossi ethnic group, the largest ethnic group in Burkina Faso. At the time of the study, CQ remained the first-line drug for the treatment of uncomplicated malaria, with sulfadoxine-pyrimethamine (SP), used rarely, as the second-line drug. CQ resistance was first observed in Burkina Faso in 1987, 24 but in studies between 1998 and 2001 clinical failure rates were low to moderate (6-19%) . 25 Selection of the study villages. The study was conducted in 18 villages with functioning health facilities. Nine of the villages were selected from among 158 villages, covering an area of about 1000 km 2 , which received ITCs in 1994 or 1996 as part of a trial of the impact of ITCs on child mortality. 11, 26 Curtains were retreated annually with permethrin 11 in all 158 villages until 2001 and the EIR in this area declined to less than 1 infective bite per person per month between 1994-2000 (Ilboudo-Sanogo E, unpublished data). 27 Two ITC villages with functioning heath centers were not included in the study owing to their small population size. In 2002, because of limited funds, curtains were retreated only in the 9 villages selected for inclusion in the CQ efficacy study. Nine "control" villages that had never benefited from systematic vector control measures were selected from the area surrounding the ITC area. Villages were chosen on the basis of their accessibility, subject to their being at least 5 km from the edge of the ITC area. The EIR in the area outside the ITC zone was of the order of 18-32 infective bites per person per month in 1998-2000 (Ilboudo-Sanogo E, unpublished data). The location of each ITC and non-ITC village is shown in Figure 1 .
Recruitment of children. Children aged 6-59 months who sought care at the health facilities in the study villages between August and November 2002 with uncomplicated symptomatic malaria were screened for potential eligibility and enrolled in an in vivo study of CQ efficacy, after obtaining written, informed consent from their parent(s). A modified version of the standard World Health Organization (WHO) in vivo method for assessing therapeutic efficacy of antimalarial drugs 28 was implemented. Inclusion and exclusion criteria were the same as those described in the WHO protocol, 28 except that the eligible asexual parasite density range was extended to 1000-150000 parasites per L and the axillary temperature range to Ն 37.5°C and Յ 40°C. At presentation (Day 0), before CQ treatment, 250-500 L of finger prick blood were taken to prepare thick and thin blood films for malaria diagnosis, to measure packed-cell volume (PCV), and to prepare filter paper blood spots for the detection of genetic markers of resistance to CQ and SP. A first dose of CQ was then administered and an appointment made for the next day (Day 1). Blood samples were transferred daily to the laboratory of the Centre National de Recherche et Formation sur le Paludisme (CNRFP) in Ouagadougou. Microscopic diagnosis of malaria and measurement of PCV were performed the same day and the results returned to the field the next morning. Children whose eligibility had been confirmed were then formally enrolled and received a second dose of CQ (Day 1). Appointments were made with the caretaker for further visits on days 2, 3, 7, and 14 for treatment or monitoring of treatment outcomes. Caretakers were also advised to bring children to the health center at any time between these scheduled visits if the child's condition did not improve. Thick and thin blood films and filter paper blood spots were prepared on days 3, 7, and 14 and at unscheduled visits.
In September 2002, a sample of asymptomatic children aged 6-59 months, selected at random from census lists, was enrolled in a cross-sectional survey after obtaining parental consent. Thick and thin blood films and filter paper blood spots were collected to detect molecular markers of resistance to CQ.
METHODS

Antimalarial treatment.
A standard treatment with CQ (tablets of 100 mg base; SmithKline Beecham) was administered (25 mg/kg body weight) over 3 days to children with uncomplicated malaria. Treatment was administered at the clinic under the supervision of a nurse. Children were watched for 30 minutes after taking CQ. In the event of persistent vomiting, quinine was administered by the intramuscular route and the child was withdrawn from the study. A single dose of SP (1.25 and 25 mg/kg body weight of pyrimethamine and sulfadoxine, respectively) was provided as the second-line drug in the event of clinical failure or failure to clear parasites on day 14.
Microscopic diagnosis of malaria. Thick and thin blood films were stained with 3% Giemsa for 45 minutes. Asexual parasites of P. falciparum were counted against 400 white blood cells (WBC) by 2 independent laboratory technicians. The number of parasites per L of blood was calculated assuming a WBC count of 8000/L. In cases of discrepancy (positive versus negative parasites count or parasite densities differing by > 50%), blood smears were re-examined by a third laboratory technician. The two closest parasite counts (positive, negative, or difference between parasite counts Յ 50%) were retained and the final parasite density was expressed as the arithmetic mean of the two counts. Detection of mutations at the pfcrt-76 and pfmdr1-86 geneloci. DNA was extracted from filter paper blood spots using the Chelex method. 29 DNA amplification was performed by nested PCR. PCR primers and conditions were as described by Sutherland et al. 30 Restriction fragment length polymorphism by Apo I endonuclease restriction enzyme 31 was performed to detect lysine (wild type) or threonine (mutant) at codon 76 of the pfcrt gene (K76T). Digested products were electrophoresed on a 3% agarose gel containing 0.5 g/ml of ethidium bromide and DNA bands were visualized on a UV transilluminator. Sequence-specific oligonucleotide probing was performed for the detection of asparagine (wild type) or tyrosine (mutant) at codon 86 of the pfmdr1-86 gene (N86Y).
30
Detection of mutations at the dhfr (51, 59 108) and dhps (437 and 540) gene loci. The presence of point mutations at dhfr codons 51, 59, and 108 and at dhps codons 437 and 540 was examined in a random sample of pre-treatment specimens from symptomatic children. Mutations were screened by nested PCR amplification of a 594-bp fragment of the dhfr gene and a 711-bp fragment of the dhps gene. PCR mixtures were prepared for each gene separately. Sequence-specific oligonucleotide probing was performed on final PCR products to detect mutations at each of the specified loci of the dhfr and dhps gene. Details of PCR conditions and primers have been published elsewhere.
32
Discrimination of recrudescence from new infection. Merozoite surface protein 2 (msp2) gene polymorphisms were studied in pre-treatment and post-treatment samples of children with parasitemia between day 8 and 14. This gene has been extensively used as polymorphic marker in the field. Additional genotyping of msp1 appears to contribute little to the discrimination of new infections over genotyping msp2 alone; for example in one study in Tanzania msp1 genotyping improved the classification in 2.6% of the samples only (7/ 269). 33 Block 3 of the repetitive region of the msp2 gene was amplified by nested PCR. Each PCR plate was prepared to contain samples from both ITC and non-ITC villages. The PCR primers and conditions used were the same as those described previously. 34 Infections were scored according to a method described by Cattamanchi et al. 35 An infection was classified as recrudescent if the sample obtained on the day of treatment failure had identical alleles to, or a subset of alleles of, those observed at baseline. When the failure day sample contained alleles observed in the day 0 sample plus new alleles representing < 50% of all alleles observed in the failure day sample, the infection was also scored as recrudescent. When Ն 50% of all alleles observed in the failure day sample were different from those observed at baseline the infection was scored as "new".
Data processing and statistical analyses. Data were doubleentered and verified using EPIINFO version 6.0 (Centers for Disease Control). Analyses were performed using STATA 8.0 (www.stata.com). Infections carrying a mixture of mutant and wild-type alleles of pfcrt-76 were classified as mutant. A similar procedure was adopted for pfmdr1-86. Clinical and parasitological outcomes were defined as in the WHO protocol. 28 Clinical and parasitological failure and presence of genetic markers of resistance to CQ and SP were analyzed as binary outcomes, using Generalized Estimating Equations (GEE) with robust standard errors to account for intracluster (village) correlation. We performed further analyses to estimate the proportion of parasite strains carrying the Pfcrt-76 mutant allele, adjusting for multiplicity of infection, by maximizing the likelihood as described by Schneider et al. (2002) . 36 Sample size. On average, each village contained about 240 children aged 6-59 months and we assumed that each child would experience at least 1 malaria episode per year. Considering the study eligibility criteria, we assumed that we would be able to enroll, treat, and follow-up about 50 children with uncomplicated malaria per village over the 4-month study period. The formula described by Hayes and Bennett 37 was used to calculate the number of villages required in ITC and non-ITC areas. Assuming that clinical and parasitological failure rates were 15% (ranging from 10-20%) and 25% (ranging from 20-30%) respectively, 9 villages were required per group to provide the study with 80% power to detect, at the 5% significance level, a 50% difference in the clinical failure rate (i.e., decreased to 7.5% or increased to 22.5%), assuming a design effect of 1.5. This sample size provides similar power to detect a 40% difference in the parasitological failure rate.
Ethical approval. Ethical approval to conduct the study was obtained from the Ministry of Health of Burkina Faso and the ethics committee of the London School of Hygiene and Tropical Medicine.
RESULTS
Study profile.
For the in vivo study of CQ efficacy, 2,029 children aged 6-59 months with presumptive malaria were screened for inclusion. Nine hundred and thirty-four (46%) of these children were not eligible and 6 were mistakenly considered ineligible. The proportions of ineligible children were similar in ITC and non-ITC villages (48% versus 44%, P ‫ס‬ 0.17). Fifty-four (5%) of the 1089 children who were enrolled were excluded from subsequent analyses for various reasons, with similar proportions in the two groups of villages (P ‫ס‬ 0.2): 26 losses to follow-up (13 in ITC villages), 6 refusals (5 in ITC villages), 8 treatments changed due to persistent vomiting (5 in ITC villages), 1 parallel treatment with quinine (in an ITC village), 9 with broken or lost slides (4 in ITC villages), and 4 uncompleted treatments (4 in ITC villages). Thus, 1035 children (497 in ITC villages) with uncomplicated malaria were enrolled, correctly treated, and followed-up for the in vivo study of CQ efficacy. Forty-three of these children (18 in ITC villages) were excluded from the analysis of the association of ITC use with clinical and parasitological failure because msp2 polymorphisms could not be determined to differentiate re-infection from recrudescence. Thus, the final analysis of clinical and parasitological failures included 992 children (479 in ITC villages). Age and sex distributions were similar in the two groups of villages (Table 1) . At enrollment, the prevalence of high temperature (> 38.5°C and Յ 40°C), the distribution of parasite densities and the prevalence of moderate anemia were similar in ITC and non-ITC villages. Approximately similar proportions of children were recruited in each group each month. The mean number of parasite clones per infection, as assessed by msp2 polymorphisms was 2.30 in ITC villages and 2.67 in non-ITC villages (P ‫ס‬ 0.26).
Clinical and parasitological response to treatment. Overall, after correction for new infections, 164 (17%) children experienced clinical failure. Clinical failure rates varied from 2-33% (P < 0.001) across villages ( Table 2 ). The risk of clinical failure was 14% in ITC villages compared with 19% in non-ITC villages (Table 3) , (OR ‫ס‬ 0.68; P ‫ס‬ 0.17). Unadjusted clinical failures were 14% (67) in ITC villages and 19.5% (100) in non-ITC villages (data not shown). Agestratified analyses showed similar patterns in younger (6-35 months) (OR ‫ס‬ 0.69; P ‫ס‬ 0.20) and in older children (36-59 months) (OR ‫ס‬ 0.61; P ‫ס‬ 0.30) (see Table 3 ). There was no evidence that odds of clinical failure varied with age (P ‫ס‬ 0.76).
Five hundred and thirty-four (54%) children were classified as parasitological failures (after correction for new infections) with a range of 30-70% between villages (P < 0.001) (see Table 2 ). Older children experienced fewer parasitological failures than younger children (adjusted OR ‫ס‬ 0.60; 95%CI: 0.40, 0.92; P ‫ס‬ 0.02). The risk of parasitological failure was 49% in ITC villages compared with 58% in non-ITC villages (adjusted OR‫ס‬ 0.71; P ‫ס‬ 0.15) (see Table 3 ). Uncorrected estimates were 52% (249) and 63% (323) respectively in ITC and non-ITC villages (data not shown). There was evidence that the association of ITCs with parasitological failure varied with age (P ‫ס‬ 0.01). In younger children, the odds of parasitological failure were lower in ITC villages than non-ITC villages (OR ‫ס‬ 0.57; 95%CI: 0.35, 0.91; P ‫ס‬ 0.02) while in older children there was no evidence of a difference between the two groups of villages (OR ‫ס‬ 1.14; P ‫ס‬ 0.77) (see Table 3 ). Prevalence of pfcrt-76 and pfmdr1-86 mutations in children with uncomplicated malaria. Nine hundred and ninety-nine and 973 samples of the 1035 samples obtained pre-treatment from symptomatic children were successfully analyzed by PCR for the detection of pfcrt-76 and pfmdr1-86 alleles, respectively. Overall, 41% (409) of children harbored parasites carrying the pfcrt-76T allele, with a range of 23-57% across villages (P ‫ס‬ 0.003) ( Table 4) . Similar proportions of children in ITC and non-ITC villages carried parasites with this mutation (Table 5) : 43% and 40%, respectively (OR ‫ס‬ 1.09; P ‫ס‬ 0.65). The pfmdr1-86Y mutation was observed in 30% of children in the study area, with similar proportions in ITC villages (31%) and non-ITC villages (29%) (OR ‫ס‬ 1.14; P ‫ס‬ 0.54). After taking multiple infections into account, there was no indication that the proportion of parasite strains carrying the pfcrt-76 mutant allele differed between the two groups of villages (25% in ITC villages, 26% in non-ITC villages).
Analyses that accounted for clustering and adjusted for age, parasite density at enrollment, and for the use of ITCs, indicated a strong association of pfcrt-76T with pfmdr1-86Y (OR ‫ס‬ 3.14; 95%CI: 2.38, 4.15; P < 0.001). Pfcrt-76T (OR ‫ס‬ 5.0; 95%CI: 3.4, 7.2; P < 0.001), pfmdr1-86Y (OR ‫ס‬ 1.7; 95%CI: 1.3, 2.3; P ‫ס‬ 0.001), and pfcrt-76T/pfmdr1-86 (OR ‫ס‬ 7.4; 95%CI: 5.9, 9.2; P < 0.001) genotypes were all associated with increased risk of parasitological failure. Pfcrt-76T (OR ‫ס‬ 4.4; 95%CI: 2.7, 7.3; P < 0.001) and pfcrt-76T/pfmdr1-86 (OR ‫ס‬ 6.4; 95%CI: 4.0, 10.3; P < 0.001) genotypes were also associated with clinical failure. There was no evidence that the pfmdr1-86Y mutation was associated with risk of clinical failure in the absence of pfcrt-76T (OR ‫ס‬ 1.3; 95%CI: 0.7, 2.5; P ‫ס‬ 0.5), though such an association cannot be ruled out.
Prevalence of pfcrt-76T and the pfmdr1-86Y in asymptomatic children. Two hundred and thirty-one (84%) of 276 children seen in the cross-sectional survey were infected with P. falciparum: 110 (82%) and 121 (86%) in ITC and non-ITC villages, respectively. PCR amplification was successful in 197 (pfcrt-76) and 211 (pfmdr1-86) children. Age, sex, and parasite density distributions of children were similar in ITC and non-ITC villages. Similar proportions of asymptomatically infected children in ITC and non-ITC villages carried parasites with the pfcrt-76T allele (47% versus 46%; OR ‫ס‬ 1.01; 95%CI: 0.56, 1.84; P ‫ס‬ 0.97) and with the pfmdr1-86Y allele (36% versus 33%; OR ‫ס‬ 1.05; 95%CI: 0.57, 1.95; P ‫ס‬ 0.86). (108N-51I-59R ) was present in 12% of children from both ITC and non-ITC villages (OR ‫ס‬ 0.96, 95%CI: 0.47, 1.94; P ‫ס‬ 0.90). The proportion of infections with parasites carrying a mutation at dhps-437 only was high (≈58%) in children from both groups of villages. The dhps-540 mutation was observed in 12% and 9% of infections in ITC and non-ITC villages, respectively (OR ‫ס‬ 1.43; 95%CI: 0.72, 2.91; P ‫ס‬ 0.31). However, no infections with a mutation at both the dhps-437 and dhps-540 loci were observed in the study area.
DISCUSSION
We compared measures of CQ resistance in villages in Burkina Faso with and without ITC, in a setting where CQ was the first-line treatment of falciparum malaria cases, and the use of other antimalarial drugs, including SP, was rare.
We observed that the odds of clinical and parasitological failure after treatment with CQ were about 30% lower among children in ITC villages than among children in non-ITC villages. However, statistical analyses indicate that both these observed differences could have arisen by chance. In Zimbabwe 22 indoor spraying was reported to be associated with an 80% (OR ‫ס‬ 0.2; 95%CI: 0.08, 0.65) reduction in the odds of clinical failure. Our confidence intervals overlap with those of the study in Zimbabwe, which could not take account of between village variation, since only one village received the intervention, and did not consider factors other than housespraying that could account for the observed reduction. We observed a reduction (OR ‫ס‬ 0.57; P ‫ס‬ 0.02) in parasitological failure rates in younger children (6-35 months) in ITC villages, consistent with the findings from Zimbabwe.
We detected similar proportions of infections (both symptomatic and asymptomatic), with parasites carrying the pfcrt-76T and pfmdr1-86Y alleles associated with resistance to CQ in ITC and non-ITC villages. About 40% of infections involved parasites with the pfcrt-76T mutation while about 30% involved parasites with the pfmdr1-86Y mutation. A similar proportion of infections with parasites carrying the pfmdr1-86Y allele (36%) was observed a few years earlier in an urban area in Burkina Faso, 38 but the proportion of infections with the pfcrt-76T allele (61%) was much higher there. This is unsurprising as drug pressure is likely to be higher in urban than rural areas as a result of better access to antimalarial drugs. The proportion of infections harboring parasites with the pfcrt-76T allele is similar to that reported from rural communities in Mali (41%). 31 We also observed similar proportions of infections in the two groups of villages with parasites carrying the mutations in the dhfr and dhps genes associated with SP resistance. For an area in which SP had been little used, we observed a surprisingly high proportion (58%) of infections with the dhps-437G mutation. As dhfr mutant alleles are rare, it seems unlikely that the high prevalence of dhps mutations is due to SP use. It may reflect instead the effect of widespread use of cotrimoxazole in the population. The odds ratios were adjusted for age parasite density and pfmdr1-86 (for pfcrt-76) or pfcrt76 (for pfmdr1-86) using a GEE regression model and 95%CI were calculated using robust standard errors. 
INSECTICIDE-TREATED CURTAINS AND DRUG RESISTANCE
We have presented our data as the proportion of infected individuals carrying parasites with drug resistance-associated mutations, which depends on both the proportion of mutant parasites in the parasite population and the number of parasite genotypes with which an individual is infected. We did not observe a major difference in the multiplicity of infections between ITC and non-ITC villages, a finding consistent with a previous report from the same area. 39 Analyses taking multiple infections into account did not alter the study findings with respect to prevalence of the pfcrt-76T mutation in the two groups of villages. We believe therefore that our results are unlikely to be confounded to any major degree by differences in the number of genotypes per infection.
Reductions in the prevalence of genetic markers of resistance to CQ and SP associated with vector control measures have been reported from studies in Tanzania 21 and Zimbabwe. 22 In Tanzania, insecticide-treated bed nets were associated with an increase in the proportion of infected individuals with parasites with the wild-type alleles of dhfr (51, 59, 108) (P < 0.001). This finding, after only 2 years of intervention, was surprising given that the baseline frequencies of dhfr (51, 59, 108) mutant alleles were high (about 60% of triple mutations, after excluding mixed infections), and because SP was still in use in the area as first-line drug for malaria treatment despite waning efficacy. The Zimbabwean study reported a decrease in the proportions of infected individuals carrying parasites with mutant alleles at the pfcrt-76 (OR ‫ס‬ 0.45; 95%CI: 0.22, 0.91), pfmdr1-86 (OR ‫ס‬ 0.42; 95%CI: 0.21, 0.83), and pfmdr1-1246 (OR ‫ס‬ 0.24; 95%CI: 0.09, 0.59) gene loci in a village that benefited from indoor spraying over a period of 4 years. In the current study ITCs were implemented, free of charge, in a larger number of villages (158 villages) and over a longer period. However, the confidence intervals around our point estimates do not preclude reductions in the odds of carriage of parasites with the pfcrt-76T allele of 20% in symptomatic and 44% in asymptomatic children from ITC villages. Thus both our results and those from Zimbabwe are compatible with reductions of 10-20% in the odds of an individual being infected with parasites carrying the pfcrt-76T mutation associated with vector control measures.
Taken together, our findings do not support the hypothesis that sustained use of ITCs would enhance the evolution of drug resistance in the P. falciparum population. Could this conclusion be flawed due to limitations in our study design? To answer this question we examined a number of factors with the potential to confound or interfere with our comparison of ITC and non-ITC villages. In 2003 we collected data on the socio-economic and health-seeking characteristics of the study villages. The two groups of villages were similar with respect to the distribution of assets (Diallo DA, unpublished data) and all households had easy physical access to a health facility located in their village. Due to the loss of reagents, we were unable to measure concentrations of CQ and SP in the blood or urine. Instead, we examined the availability and reported use of other antimalarials, including SP, and found no evidence of a difference between these communities. ITCs had not been taken up in non-ITC villages, nor had any other vector control programs taken place in these villages that might mask any impact of ITCs on drug resistance. The proportion of children who used a treated bed net was less than 2% in both groups of villages.
In 2001, because of financial constraints, only badly damaged curtains were replaced, and in 2002 only villages selected to be part of the CQ efficacy study had their curtains retreated. In addition, previous surveys in the area have shown that the quality of curtain usage declined between 1996 and 2000. 23, 26 Individuals without treated nets or curtains who live in protected communities have been reported to benefit from the indirect effect of treated nets or curtains, 27,40,41 but it remains unclear what level of coverage must be achieved to obtain such protection. Thus, reduced use of ITCs in recent years may have led to a less marked impact on vector populations than seen in the early years of intervention, attenuating any impact of ITCs on drug resistance. A reduction in the effectiveness of ITCs during the 1-2 years leading up to the current study may partly explain the substantial rise in EIR observed in 2002: 54 and 87 infective bites/person/month in ITC and non-ITC villages, respectively (Ilboudo-Sanogo, unpublished data). Such a sharp rise in EIR was unexpected given that the 9 ITC study villages had curtains retreated in 2002, and that the other villages in the ITC area had curtains retreated the previous year and treated materials remain effective at least 1 year after treatment. 11, 42 Pyrethroid sensitivity tests (1% permethrin), carried out in 4 villages at the center of the ITC area in 2002, indicated a 100% anopheline mortality rate after 24 hours (Ilboudo-Sanogo, unpublished data). The 50% and 90% knock down times were 9 min and 32 min, respectively. Molecular analyses of the knockdownresistance gene during the same periods did not detect the presence of pyrethroid-resistant vectors.
Movements of humans and malaria vectors promote the spread of resistance by facilitating exchanges of parasite strains between different areas. [43] [44] [45] There was no history of recent large-scale migration in our study areas. Data we collected by interview indicate that rates of population movement were low in both ITC and non-ITC areas (3% and 2% of residents having spent a night outside the village in the preceding 2 weeks). Malaria vectors are able to fly between villages separated by short distances. 46 We tried to minimize the effect of parasite gene flow by selecting control villages located at least 5 kilometers from the edge of the ITC pro- The odds ratios were adjusted for age parasite density and pfmdr1-86 (for pfcrt-76) or pfcrt76 (for pfmdr1-86) using a GEE regression model and 95%CI were calculated using robust standard errors. tected area. This should have reduced gene flow from the ITC area to our control villages. However, 5 ITC villages involved in the study were located on the edge of the ITC protected area and were therefore relatively susceptible to gene flow from outside the ITC area. Thus, the possibility that human and vector movements between protected and unprotected villages attenuated any impact of ITCs on drug resistance cannot be excluded. If this is the case in our setting, where very high coverage was achieved over a large area over a period of 6-8 years, it seems unlikely that implementation of ITMs at relatively low coverage, as in many program settings, will have a marked impact on the evolution of drug resistance.
Our study was not a randomized controlled trial, as such a study would now be considered unethical, but it was designed to obtain the maximum information available from observations made in an area where ITCs have been used for many years. While we cannot exclude the possibility that differences in the prevalence of resistant parasites were present between ITC and non-ITC villages before the intervention, we think this is unlikely as the two groups of villages were well matched by socio-economic and other variables and control villages were located all around the ITC area.
Given the relatively long half-life of CQ, it is possible that a 14-day in vivo study of CQ efficacy resulted in an underestimation of treatment failures. However, we do not believe that this has had a major role in the lack of a difference between these communities, as the prevalence of genetic markers of resistance to CQ at baseline was similar in ITC and non-ITC villages.
In summary, we believe that the results of this study are robust. These results show a tendency for the response to treatment with CQ to be better in children from ITC than non-ITC villages and the prevalence of molecular markers of resistance to be similar. Thus, we can be reasonably confident that widespread use of ITCs or ITNs will not facilitate the spread of resistant parasites and that such concerns should not hold back widespread deployment of these very effective malaria control interventions. After this study, national policy in Burkina Faso was changed, with arthemeter/lumefantrine adopted in February 2005 as the first-line drug for the management of uncomplicated malaria. The implementation of this policy is expected to start in 2006.
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